Comparison Between Measurements and Numerical Simulation of Particle Flow and Combustion a the CFBC Plant Duisburg by Weng, M. & Plackmeyer, J
Engineering Conferences International
ECI Digital Archives
10th International Conference on Circulating




Comparison Between Measurements and
Numerical Simulation of Particle Flow and





Follow this and additional works at: http://dc.engconfintl.org/cfb10
Part of the Chemical Engineering Commons
This Conference Proceeding is brought to you for free and open access by the Refereed Proceedings at ECI Digital Archives. It has been accepted for
inclusion in 10th International Conference on Circulating Fluidized Beds and Fluidization Technology - CFB-10 by an authorized administrator of ECI
Digital Archives. For more information, please contact franco@bepress.com.
Recommended Citation
M. Weng and J Plackmeyer, "Comparison Between Measurements and Numerical Simulation of Particle Flow and Combustion a the
CFBC Plant Duisburg" in "10th International Conference on Circulating Fluidized Beds and Fluidization Technology - CFB-10", T.
Knowlton, PSRI Eds, ECI Symposium Series, (2013). http://dc.engconfintl.org/cfb10/61
COMPARISON BETWEEN MEASUREMENTS AND NU­
MERICAL SIMULATION OF PARTICLE FLOW AND 
COMBUSTION AT THE DUISBURG CFBC PLANT
M. Weng1), J. Plackmeyer2)
1) aixprocess GmbH, Aachen (Germany)
2) Consulting Engineer, Bergisch-Gladbach (Germany)
ABSTRACT
The  article  presents  the  3-dimensional  numerical  simulation  of  combustion  and 
particle flow as an efficient engineering tool for analysis and optimization of fluidized 
bed combustion chambers. The comparison with measurements that were carried 
out within a European Research Project and with operational experience shows very 
good agreement and provides recommendations for future optimization.
SCOPE OF THE STUDY
After  retrofitting the Duisburg  CFB combustion chamber  with  elongated heat  ex­
changer modules, the plant showed a significant increase in local wear and corro­
sion. The reason was supposed to be a locally reducing atmosphere from high CO 
concentrations. In order to verify this hypothesis and to develop adequate optimiza­
tion measures, a comprehensive simulation study was performed. For this plant, 
measurements are available concerning local solids volume fraction and temperat­
ure, Wischniewski et al. (1). Hence, the Duisburg CFBC appears to be adequate to 
prove the capability of numerical simulation in large scale fluidized bed combustors.
Figure 1: Duisburg CFBC design
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Fig. 1 shows the combustor design with inlet and recycle ports, integrated heat ex­
changer modules and the exit to subsequent cyclones. For the simulation study, the 
primary air is assumed to have a uniform profile at the distributor due to high nozzle 
pressure head. Secondary air is injected via 4 inlet nozzles with a velocity of appr. 
80 m/s. In operation with 100% coal, solid fuel enters through 2 discrete ports loc­
ated on one side of the combustion chamber. In secondary fuel co-firing operation, 
coal-substituting matter is injected through 2 inlets located on the opposite side. 
SIMULATION METHOD
Numerical Simulation in Fluidized Beds and Dense Particle Flows 
Many different fluidized bed simulation studies have been reported historically. How­
ever, most or all of these studies reveal significant simplifications according to local 
discretization, coupling between particle and gas phase or the computation of com­
bustion phenomena. The commercial software code Barracuda® employs a different 
approach based on the Computational Particle Fluid Dynamics (CPFD®) method, 
Snider (2). It overcomes the shortcoming traditionally seen in CFD fluidized bed sim­
ulations. This is done by a bi-directional coupling between the discrete motion of 
Lagrangian  particles  and  the  continous  gas  phase  for  which  the  Navier-Stokes 
equations are solved. The simulation is strictly transient, thus accounting for the in­
herently fluctuating character of flows with high solid volume fractions.
In the lower part of a CFB the flow is dense with local solid volume fractions > 10%. 
In this regime, the two-phase flow is governed by particle-particle interactions. Typ­
ically the fuel is injected into this region, so the proper computation of solids mixing 
and jet penetration is crucial for the prediction of process characteristics. The simu­
lation method considers the particle interactions by integrating the discrete particle 
properties  in  each computational  cell,  hence forming a particle  stress tensor  for 
which a transport equation is computed within the Eulerian frame of reference. The 
result  of  this  solution  is  then mapped back onto the respective position of  each 
single particle. This hybrid particle interaction model then solves the particle equa­
tion of motion by balancing drag, pressure gradient, volume forces and an additional 
expression for particle normal stress representing multiple particle interactions. 
A characteristic feature of the Barracuda® software is that particles displace the sur­
rounding continuous phase (see Fig.  2).  As a consequence,  the Eulerian  phase 
computational domain is a highly complex transient 3-dimensional space, thus en­
abling the realistic representation of large scale fluctuations in dense particle flows.
Figure 2: CPFD Barracuda method for the continuous phase region
For  reacting  flows,  the  continuous  phase  momentum  transport  equations  and 
particle motion are coupled with scalar equations for energy and gas phase species 




particles displace the fluid
homogeneous and heterogeneous reactions. The respective reaction rates are com­
puted at each location and time step.   
The resulting variable sequences provide a deep insight into the complex structure 
of dense particle flows. Time- and space-averaging of instantaneous values enables 
quantitative studies and form the base for comparison with measurements. Never­
theless, all information about variable fluctuations is preserved.  
Modeling of Coal and Secondary Fuel Combustion
In the present simulation study, two fuel compositions were considered. Tables 1 
and 2 show the short analysis of coal and Meat-and-Bone-Meal (MBM) as a typical 
secondary fuel (SF).












Table 3: stoichiometric equations for the reduced combustion mechanism
Steam gasification C(s) + H2O ↔ CO + H2 
CO2 gasification C(s) + CO2 ↔ 2CO
Combustion λC(s) + O2 → 2(λ-1)CO + (2-λ)CO2 
Water gas shift CO + H2O ↔ CO2 + H2
Volatile combustion CxHyOz + αO2 → βCO2 + γH2 
CO combustion 2CO + O2 → 2CO2
Each solid fuel is represented by its specific particle size distribution (milled coal d50 
= 320 micron, MBM d50 = 450 micron). The loss of particle matter due to reaction is 
considered by a shrinking particle model. At the beginning of the calculation, the ash 
content is initialized with a typical mass of bed ash and an initial particle size distri­
bution with 220 micron mean diameter). The homogeneous and heterogeneous fuel 
reactions are represented by a reduced mechanism (see Table 3).
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The equilibrium reactions are split into single equations for forward and backward 
reactions. All kinetic reactions rates are taken from approved references, Syamlal 
and Bisset, Yoon et al., Bustamante  et al. [3-5]. Simplifying the complex heat and 
mass transfer in partially porous particles, moisture and volatile fuel contents are as­
sumed as gaseous inlet streams. The model error is considered to be small since 
drying and volatiles evaporation are very fast at fluidized bed conditions with relat­
ively small fuel particles. For the presented study, the coal and secondary fuel com­
bustion system was modeled in the Barracuda code for the first time. 
COMPARISON BETWEEN SIMULATION AND MEASUREMENTS
With a sophisticated experimental setup, local solid phase volume fractions, gas-
phase temperatures, pressure profiles and concentrations were taken in the inner 
region of the Duisburg plant. The objective of the study was to investigate the influ­
ence of secondary fuel co-firing on emissions and solid phase inventory. The opera­
tional data used as a base for simulation boundary condition definition are slightly 
different from the load case during the measurement campaign. The exact operation 
conditions could not be reconstructed with total agreement according to SF compos­
ition  and  position  of  injection.  However,  the  comparison  between  different  load 
cases with and without co-firing of SF is assumed to sufficiently represent the overall 
plant characteristic in order to evaluate the simulation quality. 
The operation conditions were 100% load each. In the first case, 100% coal is used, 
for the co-firing case 25% of the heating value is substituted by MBM which enters 
via 2 ports opposite from the coal injection. 
 
Figure 3: local solid phase volume fraction for 100% coal combustion and co-firing  
conditions: comparison between simulation and measurements 
Fig. 3 shows profiles of the local solid phase volume fraction vs. height above the 
primary air distributor. Measurement positions are within the inner chamber region 
without the influence of the dense near-wall particle wall carpet. Position “Front” is 
the coal injection side, “back” is opposite in the lateral direction. The heat exchanger 
modules are located between the measurement positions 17 m and 27 m. In the 
simulation, virtual sensors were installed at respective positions within the computa­
tional domain and values were time-averaged to receive statistically sound values. 
Simulation and measurements are in good agreement and show the strong volume 
fraction decay in the region 8 m to 13 m above the air distributor. Above secondary 
air  injection,  the  volume fractions  decrease  slightly  up  to  the  cyclone  entrance. 
Again in good agreement is the tendency towards a higher solid content in the co-fir­
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ing case. The maldistribution between front and back side is given correctly, too. Re­
garding the difficult measurement conditions and the model simplifications, even the 
absolute values are in remarkable agreement.
Fig. 4 shows the temperature profiles in the combustor. The absolute discrepancy 
between local measured and simulated values is small, only the front side temperat­
ure below the heat exchanger being 35° lower compared to the measured value. 
Again,  the  profile  trends between  front  and back  side  and load cases with  and 
without co-firing are given correctly. 
 
Figure 4: local gas phase temperature for 100% coal combustion and co-firing con­
ditions; comparison between simulation and measurement
The corresponding profiles show that a considerable fraction of the overall combus­
tion takes place in a region higher than 15 m above the distributor and that the burn-
out  is  not  finalised  in  the  heat  exchanger  zone.  Mean  temperature  difference 
between front and back side is 30 – 50°C. This discrepancy decreases for co-firing 
conditions with SF feeding on the back side. Furthermore the profiles show coincid­
ently the lack of lateral mixing throughout the whole combustion chamber.
SIMULATION RESULTS AND OPERATIONAL EXPERIENCE
The internal circulation of solid matter within the combustion chamber plays an im­
portant role for the overall solids inventory and its residence time distribution. The in­
ternally recycled solids form a dense layer that flows downwards in a near-wall re­
gion. For the 100% coal case, fig. 5 gives the time-averaged particle velocities on 
the left hand side and the solids volume fraction on the right. The penetration depth 
of the secondary air injected with 80 m/s is below 1.5 m which is remarkably low. 
The reason is a high momentum stream due to the relatively dense particle flow that 
is further accelerated by gas-phase mass and heat sources from the combustion re­
actions. The dense particle wall film can be clearly seen. The mean downward velo­
city is 2 m/s which is in good agreement with observations from similar plants.
The upward flow in the combustion region has an average velocity of 15 m/s and 
stretches out up to the heat exchanger. The vector plot of instantaneous gas velocit­
ies  in  Fig.  6  demonstrates  the  high  fluctuations  with  maximum velocities  above 
25 m/s. The effect of high mean velocity combined with large amplitude fluctuations 
on wear can be seen in Fig. 7. Barracuda explicitly calculates the wear effect from 
an integration of particle velocity and impact angle from each particle that hits the 
wall. Although this value is qualitative, it provides useful information about the posi­
tion of maximum wear in a plant. Fig. 7 shows the wear at the heat exchanger plates 
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as a comparison of the outer (left picture) and a centre position (right picture). The 
predicted region of maximum wear above the coal injection is in excellent agree­
ment with operational experience. 
Figure 5: time-averaged particle velocity vectors and solid volume fraction at the 
combustion chamber centre plane; coal is injected from the right hand side
Figure 6: Instantaneous particle velocities in a plane of the coal inlet (coal injection  
from the right)
In addition to mechanical wear, the heat exchanger region experiences a chemical 
impact from a locally reducing atmosphere. Fig. 8 shows the time-averaged oxygen 
mole fraction in the centre plane for 100% coal firing (left) and 25% MBM co-firing 
(right). The oxygen maldistribution is clearly to be seen. Due to the lack of lateral 
mixing, nearly the complete fuel stream including the volatiles remains on the coal 
injection side leading to incomplete burnout and local lack of oxygen. Secondary air 
injected from the opposite side is not sufficient for mixing and does not reach the 













let. The cyclone high turbulence intensities will then induce mixing and reaction of 
the fuel- and oxygen-rich streaks, respectively. This tendency is underlined by oper­
ational experience. Temperatures of 950° to 1050°C are observed in the cyclone 
and in the transfer duct to the subsequent heat exchangers.
Figure 7: qualitative wear prediction
Figure 8: comparison of time-averaged oxygen mole fractions for 100% coal firing 
(left) and 25% MBM co-firing (right)
MBM injection on the coal-opposite side leads to a slight equalization in oxygen con­
centration. There still exists a region with lower oxygen concentration in the center 
due to the low secondary air penetration depths and the poor lateral mixing. Here, 
the simulation reveals further optimization potential according to the position of sec­
ondary air injection. Above the MBM injection port there is a zone with oxygen con­
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centration near zero. This is due to the high MBM volatiles content and the resulting 
oxygen consumption. The volatiles combustion rate decreases and restarts above 
the secondary air nozzle. To displace the combustion zone and use the complete 
height of the combustion chamber, the simulation indicates a relocation of the back­
side secondary air nozzle in the downward direction (about 3-4 m).  
CONCLUSIONS
The advanced particle flow and reaction simulation of the Duisburg CFBC shows 
very good agreement with local in-situ measurements and additional operational ex­
periences. The tendencies of characteristic parameters such as local solids volume 
fraction and temperatures are predicted correctly, the identification of wear-intensive 
regions is reliable. The high resolution in time and space enables detailed analysis 
of the plant characteristics and remarkably enhances the understanding of the com­
plex coupled flow and reaction behaviour. The high information density including fre­
quency  and  amplitude  of  fluctuations  which  are  characteristic  for  dense  particle 
flows underlines the relevance of advanced simulation tools for plant optimization. 
Analogous to well-established simulations of pulverized-coal combustion plants with 
conventional CFD methods, now by means of the Barracuda method the effect of 
fuel scenarios and geometric modifications on emissions, wear and local heat im­
pact can be reliably predicted for fluidized bed applications.
NOTATION
CFB circulating fluidized bed
d50 particle mean diameter
MBM meat and bone meal
SF secondary fuel
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